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1. Introduction 

Currently, the US Army is investigating ultra-high-molecular-weight polyethylene 
(UHMWPE) composite materials for personnel protection. These lightweight 
composite materials have demonstrated ballistic protection due to their high 
tenacity and are typically processed through industry-established thermoforming 
and thermostamping techniques. The process of thermoforming these material 
composites into complex parts is a subject of ongoing research, given that the 
resultant material properties are very dependent on temperature and pressure 
histories during processing. 

These materials are usually available from the manufacturer (Koninklijke DSM 
NV, DuPont, Teijin, or Honeywell) as thin sheets that must be stacked and then 
consolidated under time, temperature, and pressure to form a part. In addition to the 
time–temperature–pressure profile during processing, special attention must be 
paid to the individual ply orientations in the stacking sequence and the insertion of 
filler plies and/or cut-outs, known as darts, to reduce wrinkle formation and 
preserve uniform thickness in complex part geometries. Trial and error processing 
of stacks of these sheets has demonstrated that a prior step to final consolidation 
known as preforming at temperature and pressure is useful in mitigating wrinkle 
formation and maintaining uniform thickness for the final consolidated part. 

During the preforming step for processing complex shape UHMWPE composite 
parts, the individual plies shift about under the action of the plunger or punch within 
the parts mold. This shifting is resisted by in-plane interply shear forces and may 
manifest as ply shearing, possible anisotropic material deformation and damage, 
and ply wrinkling. The static and dynamic friction properties of the UHMWPE 
composite materials are postulated to determine the extent of these deformation 
mechanisms and must be characterized under similar temperature, pressure, and 
sliding velocity profiles. Once characterized, the frictional properties can be used 
to validate a thermoforming process model that will predict the extent of ply 
shearing, orientation shifting, and wrinkling in the precursor part before final 
consolidation. This technical research focuses on the characterization of friction 
properties of Army-relevant UHMWPE composite materials. 

Much work has been performed to assess the fabric–fabric interply friction and 
fabric–tooling friction1–7 of fabrics meant for thermoforming (or thermostamping), 
most notably by researchers at the University of Massachusetts at Lowell (UML). 
Sophisticated friction testers have been developed to ensure a uniform normal 
contact pressure and measurement at high pressures, temperatures, and sliding 
velocities (see benchmark friction exercise8,9). Of particular importance is the 
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design of a friction tester that allows accurate determination of the peak static load 
(static coefficient of friction) and measurement of a demonstrable steady-state 
dynamic response (dynamic coefficient of friction). 

This report presents a friction characterization of Army-relevant UHMWPE 
composite materials under ambient conditions and at lower pressures and sliding 
velocities. The UHMWPE materials tested consist of solid-state extruded 
unidirectional film DuPont Tensylon HSBD 30A and unidirectional fiber system 
Dyneema HB 210. A simple friction tester based on examples provided in ASTM 
standard D1894-1410 was used to determine the friction properties with respect to 
material orientation of the ply, contact pressure, and sliding velocity. The friction 
properties are determined for fabric–fabric interply and fabric–tooling (bagging 
film) friction for each material. 

2. Experimental 

2.1 UHMWPE Materials 

Two UHMWPE composite materials were investigated in this research and are 
detailed in Table 1. Tensylon HSBD 30A is a commercially available solid-state 
extruded (SSE)-film system manufactured by DuPont.11 It consists of two 
unidirectional SSE-films in a crossply lay-up ([90°/0°]), as illustrated in Fig. 1, and 
is coated on one side with a thermoplastic material. The coated side is coincident 
with the material roll stamp (reads “DuPont Tensylon HSBD 30A …”) and is easily 
distinguished from the uncoated side (see Fig. 2; left). Dyneema HB 210 is a  
fiber-matrix system composed of unidirectional sheets of UHMWPE fibers with a 
polyurethane resin (PUR). It is manufactured by and commercially available from 
DSM.12 Four unidirectional sheets of UHMWPE fibers form a four-layer crossply  
lay-up ([0°/90°/0°/90°]), as illustrated in Fig. 1. The final product has a resin-poor 
upper surface and a resin-rich bottom surface. The resin-poor top surface coincides 
with the material roll stamp (reads “Dyneema HB 210 …”), as shown in Fig. 2 
(right).  
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Table 1 UHMWPE composite materials used in this friction characterization study 

Material Reinforcement Matrix Manufacturer 

Tensylon HSBD 30A SSE – UHMWPE film  
Thermoplastic 

coating 
DuPont 

Dyneema HB 210 UHMWPE fiber PUR DSM 

 

 
Fig. 1  Detailed lay-up of sublayers and orientations composing UHMWPE composite 
materials. Note correct placement of stamp lettering. 

 
Fig. 2 Front (top) and back (bottom) surfaces of both UHMWPE composite materials 
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2.2 Tooling Material 

Interactions with the US Army Natick Soldier Research, Development and 
Engineering Center (NSRDEC) and our academic and industry partners, and 
UHMWPE composite material manufacturer recommendations, suggested that a 
number of tooling materials may be used during preforming and final consolidation 
of complex geometry UHMWPE parts. These include tooling steel, elastomer press 
pads, and high-elongation polymer bagging film. For this friction study, we selected 
a single tooling material most relevant to our unique thermoforming application: a 
high-elongation bagging film. The friction properties of UHMWPE materials on 
Stretchlon Vacuum 800 bagging film (Airtech International13) were determined. 
Stretchlon 800 is a nylon high-elongation bagging film (thickness ~50 µm, or  
0.002 inch) commonly used in the lay-up and processing of composite materials 
especially in vacuum-assisted processing techniques. 

2.3 Friction Tester Design 

A good friction tester must accurately measure the pull-along load of one surface 
sliding with respect to another under a controlled velocity and constant normal 
contact pressure. There are many different designs that will accomplish this and 
some are listed in ASTM D1894-1410 (see Fig. 1). More-sophisticated friction 
testers built to exacting specifications for higher-temperature testing, high sliding 
velocity capability, and measurement of uniform, constant contact pressure have 
been designed by academic researchers1–9 for use with woven glass fabrics. 

For this research, a simple friction tester design was selected so data collection and 
analysis could commence quickly for each of the UHMWPE composite materials. 
The friction tester is constructed entirely of metal, giving it the ability to test at 
temperature. An Instron environmental chamber was used to conduct elevated 
temperature testing, requiring the friction tester to be small enough to fit within (no 
longer than 38 cm, the depth of the chamber). Therefore, the friction tester has an 
extension of 22.9 cm or 9 inches, which is sufficient to measure the dynamic steady-
state response. The friction tester is gravity-assisted in that normal contact pressure 
is applied by incrementally stacking slotted weights. 

The final design of the simple gravity-assisted friction tester used in this study is 
presented in Fig. 3. The friction tester consists of a platform for the top strip, a 
carriage that holds the bottom strip and slotted weights to apply the normal contact 
force, and a pulley to redirect a steel cord (not pictured) connected to the carriage 
and the loading frame. Six leveling screws supported the platform for placement on 
the loading frame and within an environmental chamber. The experimental setup 
used a 1000-N Instron load cell mounted to a screw-operated Instron 4505 loading 
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frame. The top strip is held in place by a 2.5- × 14-cm (1- × 5.5-inch) block that has 
been lightly grit blasted on the contact side, and two butterfly screws. Finger 
tightening of the screws was sufficient to prevent motion of the UHMWPE strips 
or tooling strips during testing. 

The carriage consisted of two pieces: a sample holder base and weight platform 
body. The bottom piece functions as the sample holder for the bottom testing strip. 
The strip wraps around the rounded front and rear edges to clamp firmly between 
the holder and body with four screws. Double-sided tape 1.27 cm (0.5 inch) wide 
was used on the carriage holder top surface (contact side with the body piece) at 
both ends to temporarily hold the strip in place and taut until the holder was bolted 
to the body. The carriage body provided a platform for the small, round-slotted 
weights used to apply a uniform (assumed) normal contact pressure between the 
testing strips. A threaded steel rod was screwed into the carriage body and stabilized 
the stack of slotted weights during carriage motion. A set screw firmly secured the 
steel cord for drawing the carriage assembly with a uniform sliding velocity 
(provided by the crosshead motion of the load frame). More than a dozen sample 
holders were used so that samples could be swapped out quickly after each test for 
conducting replicate testing with new, untested sample strips. 
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Fig. 3 Schematic of the simple gravity-assisted friction tester used in this study, with 
labeled isometric view and cross-section. The inset photo is of the carriage assembly.  

Figure 4 shows the friction tester in use. The tester was placed in an Instron 
environmental chamber. A piece of 1.6-mm-thick sheet metal and 1.3-cm-thick flat 
plate of rolled aluminum was placed in the bottom to provide a platform for the 
friction tester. The leveling screws of the platform were adjusted until the platform 
was level from front to rear along the carriage motion path. A C-clamp (not 
pictured) and aluminum tape was used to immobilize the tester platform. The image 
to the right in Fig. 4 shows fabric–fabric interply friction testing with Tensylon 30A 
(with the carriage sample holder turned 90°). The image on the left shows how 
fabric–tooling friction testing was conducted (using bagging film in this case). A 
K-type thermocouple wire was taped to the bottom of the platform to monitor the 
platform temperature, which was also assumed to be the sample strip temperature. 
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Fig. 4 Experimental setup illustrating fabric–fabric (left) and fabric–tooling (right) 
friction testing within an Instron environmental chamber 

The carriage sample holder bottom had contact dimensions of 50.8 mm (width) × 
53.5 mm (length), giving a contact area of 2717.8 mm2. The slotted weights 
pictured in Fig. 4 were stacked onto the carriage body incrementally to provide a 
constant normal force during testing. All carriage components and the platform 
were machined to within a tight tolerance of approximately ±50 µm (0.002 inch). 
It is assumed the normal contact pressure is simply the weight bearing down on the 
contact area during sliding motion; however, this friction tester design precludes 
independent load cell measurement(s) of the applied normal load during testing.  

2.4 UHMWPE Sample Preparation 

Both UHMWPE composite materials were received from the manufacturers on  
1.6-m (63-inch)-wide rolls. The Stretchlon 800 was received as a single sheet on a 
1.8-m (72-inch)-wide roll. Strips were cut out of each material using an automated 
cutting table. Cutting “clean” (undamaged) sample strips from the UHMWPE 
materials proved challenging due to the cutting resistance of polyethylene. Also, 
special care was taken to cut sample strips away from material inconsistencies  
(see Fig. 2); however, it was not possible to completely eliminate material 
inconsistencies and sample preparation damage within the friction samples. 

Strips were cut to two geometries to accommodate the top and bottom strips for the 
platform and carriage holder, as listed in Table 2 and illustrated in Fig. 5. Due to 
the directional dependence of the UHMWPE materials and investigative 
supposition that material orientation may effect friction properties, strips were cut 
for multiple material orientations. The material orientations were defined with 
respect to the lengthwise (warp) and crosswise (fill) directions of the roll of 
material, as illustrated in Fig. 6. The stamp imprinted on the rolls is always in the 
lengthwise direction and defines the 0° orientation. As stated in Table 2, three 
distinct materials orientation were cut for both short and long strips: 0°, 45°, and 
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90°. These three orientations represent common ply angles occurring in most 
composite material lay-ups. A new strip pair was used for each test. The Stretchlon 
800 material is assumed isotropic, so short and long strips were cut lengthwise. 

Table 2 Material strip geometries and orientations for the UHMWPE materials 

Sample Geometry 
(cm) 

Geometry 
(inches) 

Material 
orientations 

(°) 

Short 5 × 10.2 2 × 4 0, 45, 90 

Long 8.9 × 30.5 3.5 × 12 0, 45, 90 

 

 

Fig. 5 Top (“long”) and bottom (“short”) strip nomenclature and placement within the 
friction tester. Note how the short or bottom strip is firmly installed on the carriage holder for 
testing. 
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Fig. 6 Illustration of sample strip cuts with respect to lengthwise and crosswise roll axes 
defining the material orientations used 

2.5 Friction Testing Matrix 

The friction properties are expected to be dependent on four variables: 

 μ = μ(θ,P,U,T), (1) 

where θ is the material orientation, P is the normal contact pressure, U is the sliding 
velocity of the carriage, and T is the temperature at which the friction test is 
performed. Though preliminary testing was conducted at temperature, the results 
presented here are for ambient conditions (room temperature and relative humidity) 
so the temperature during testing is approximately 25 °C. A friction test matrix was 
constructed to measure the friction properties at the three prescribed material 
orientations (0°, 45°, and 90°), a range of normal contact pressures, and a range of 
sliding velocities. 

It is critically important to establish the effect of the presence of a resin matrix or 
adhesive on the surface being tested for friction. As previously stated (also see  
Fig. 1), the UHMWPE materials have one surface that is predominately coated with 
a matrix or adhesive material. This adhesive aids consolidation during final 
processing and is critical to manufacturing a good UHMWPE composite part. As a 
result, the fabric–fabric interply friction testing always involved one surface that 
had a coating or was considered resin-rich. No friction testing was undertaken that 
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purposefully matched up two uncoated or resin-poor UHMWPE surfaces, as such 
a scenario was unrealistic. As a direct result, sample strips were always laid down 
or affixed to the carriage with the stamp side directed “up”. This means that the 
stamp side is visible on the “top” or platform strip and not visible, facing in, on the 
“bottom” or short strip (see Fig. 5). However, fabric–tooling friction testing did 
involve matching a tooling surface (bagging film) with an uncoated or resin-poor 
surface. 

Determination of material orientation combinations or cases to conduct for each 
material was based upon ply lay-ups for common laminate stacking sequences. At 
this point, it is critically important to distinguish between the roll coordinate 
orientations (see Fig. 6) and the coordinate orientations of the UHMWPE sublayers 
composing each material (see Figs. 1, 7, and 8). Typically, composite processing 
technicians who received requests to lay-up and process these UHMWPE materials 
define sheet lay-ups in terms of the global or roll coordinates presented in Fig. 6. 
For example, if a part of all [0°]T is requested, a crossply laminate is the result, and 
for a part of all [45°]T, a standard shear laminate [±45°] is obtained. Figures 7 and 
8 detail the possible material orientation matchups that occur in the following 
common composite laminates: all [0°]T or all [90°]T, shear [45°]T, alternating 
[0°/90°], and quasi-isotropic [0°/±45°/90°]S. The roll or sheet angles are identified 
on the left, and the sublayer orientations composing each are listed to the right. 

Figure 7 identifies the relevant material orientation cases for the UHMWPE fiber 
system (Dyneema HB 210) with a reminder, as stated in Fig. 1, that the top surface 
(stamp side) is resin-poor and the bottom surface is resin-rich. The cases are 
designated by an encircled number and represent a friction test that must be 
performed to determine the friction properties for that material orientation case. 
Figure 8 proceeds the same way for the SSE-film system (Tensylon 30A) again 
with a reminder that for the Tensylon 30A the top surface (stamp side) is both 
coated and at 90° and the bottom surface is uncoated and at 0°. Figures 7 and 8 are 
intended to be a pictorial representation of the possible fabric–fabric and  
fabric–tooling frictional surfaces that occur within a proposed laminate and not a 
complete lay-up of the laminate itself. 
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Fig. 7 Material orientation cases for UHMWPE fiber system Dyneema HB 210. Each case 
is identified by an encircled number.  
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Fig. 8 Material orientation cases for UHMWPE SSE-film system Tensylon 30A. Each case 
is identified by an encircled number.  

Figures 7 and 8 provide sufficient detail to fully identify all possible material 
orientation cases for which friction tests were conducted and relate the bookkeeping 
involved in keeping these cases straight while testing both material systems. The 
material orientation cases, barring a few differences, are similar for each material 
and are summarized in Table 3. Table 3 gives a summary of the 14 possible cases 
for both fabric–fabric interply friction and fabric–tooling friction testing, which 
were conducted for each material, and uses the same nomenclature as Fig. 5 to 
distinguish which material orientation went with the short strip (carriage holder) or 
the long strip (platform), abbreviated as “bottom” and “top.” 
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Table 3 Succinct summary of material orientation cases encountered in the fabric–fabric 
and fabric–tooling friction testing of UHMWPE composite materials. The Tensylon 30A has 
a slightly different representation due to the unique reversed [90°/0°] lay-up. 

Summary of Possible Interply Friction Cases 

(1) Bagging film bottom on 0° top (8) 90° bottom on 90° top 

(2) 90° bottom on 0° top (9) 0° bottom on 0° top 

(3) 90° bottom on bagging film  (10) 0° bottom on bagging film 

(4) 0° bottom on 90° top (11) 90° bottom on 45° top 

(5) Bagging film on 45° top (12) 45° bottom on 90° top 

(6) 45° bottom on 45° top  (13) 0° bottom on 45° top 

(7) 45° bottom on bagging film (14) 45° bottom on 0° top 

 

For all 14 material orientation cases stated in Table 3, the frictional properties of 
the fabric–fabric or fabric–tooling surfaces were measured over a range of applied 
normal contact pressures. The slotted weights (some pictured in Fig. 4) allowed for 
an incremental application of normal forces between 30 and 128 N. This resulted 
in a range of normal contact pressures of 11–47 kPa, as stated in Table 4. Although 
there are seven possible configurations of contact pressures, in practice only five 
were applied during a given test. Both the Tensylon 30A and Dyneema HB 210 
were tested between 11 and 25.4 kPa to preclude excessive surface damage to the 
facing sublayer. Different strip pairs were tested for each pressure, and at least one 
replicate test was performed. 
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Table 4 Normal contact pressures applied to the material orientation cases during sliding 
friction testing 

 
Weight 
Total 

(g) 

Normal 
Force  

(N) 

Contact 
Pressure 

(kPa) 

Contact 
Pressure 

(psi) 
1 3039.3 29.8 11.0 1.6 
2 4040.0 39.6 14.6 2.1 
3 5040.2 49.4 18.2 2.6 
4 6040.5 59.2 21.8 3.2 
5 7037.8 69.0 25.4 3.7 
6 9046.8 88.7 32.6 4.7 
7 13,044 127.9 47.1 6.8 

 

Note that the contact pressure range for friction testing is low compared with either 
the manufacturer’s recommended consolidation pressures or the preforming 
pressures used by our government and industry partners. Characterization of the 
friction involves isolating two surfaces on individual sheets of UHMWPE 
composite materials, which at higher contact pressures will destructively abrade to 
the point where the measurement will not consist of a purely Coulomb frictional 
response. To avoid destructive testing of the UHMWPE sample strips, lower 
pressures were tested and gradually increased to ensure that only friction was 
measured for the strips. 

The effect of sliding velocity on the friction was characterized at only one selected 
normal contact pressure and for one most common material orientation case, 
effectively becoming the 15th case in addition to the 14 listed in Table 3 
investigated for each material. Typically the midrange pressure of 18.2 kPa  
(2.6 psi) was selected along with a 0°-bottom on 90°-top orientation case. Velocities 
were selected using ASTM D1894-1410 and input from our government (NSRDEC) 
and academic partners (UML1–7). To preclude shifting or toppling of the slotted 
weights and therefore maintain a constant contact pressure, it was decided to 
conduct the friction testing at a 100 mm/min. The Instron 4505 frame with the 
environmental chamber installed allowed 23 cm (9 inches) of travel, making 
350 mm/min the top velocity to be safely tested before encountering the frame limit 
stops; no lurching or toppling of the slotted weights was observed during testing at 
any velocity. Table 5 lists the six sliding velocities tested. 
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Table 5 Sliding velocities tested on UHMWPE composite materials. All sliding velocity 
tests were conducted at P = 18.2 kPa on a common 0°-bottom on 90°-top material orientation 
case 

 

2.6 Determination of Coulomb Friction Coefficients 

All friction testing was conducted under ambient laboratory conditions 
(approximately 25 °C and 50% humidity), pressures up to 25.4 kPa, and at a sliding 
velocity of 100 mm/min. This combination of test parameters was expected to 
produce a purely Coulomb frictional response for each UHMWPE material. The 
goal was to determine both the static and dynamic coefficients of friction with 
respect to material orientation θ, pressure P, and sliding velocity U. The load 
required to overcome the static force and slide the weight carriage along the 
platform strip was measured and plotted versus the extension up to 100 mm  
(4 inches). 

Ideally, the typical friction response is represented in Fig. 9. The load increases up 
to the static load peak and the weight carriage begins to slide and a load drop is 
observed. A period of transition leads to a steady-state sliding and roughly constant 
pull along load. The coefficients are then calculated using the static peak load and 
an average of the approximately constant load in the steady-state region. The 
calculations may be represented in equation form as  

𝜇𝜇S = 𝑃𝑃Peak
𝑁𝑁

 (2) 

and 

𝜇𝜇D = 𝑃𝑃S-S
𝑁𝑁

 , (3) 

where μS and μD are the static and dynamic coefficients of friction, PPeak is the first 
peak load encountered, PS-S is the load during steady-state, and N is the normal 
force applied. 
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Fig. 9 Ideal representation of the friction response of two solid surfaces showing the static 
peak, transition, and steady-state region. The regions are defined as well as the calculations 
for the Coulomb friction coefficients. 

The process used to determine the static and dynamic coefficients of friction 
involved inspection of the load-extension plots in MATLAB.14 The static peak was 
taken as the first peak before a load drop was encountered. A user-guided algorithm 
was written in MATLAB to look over a range starting at 2 mm after slack had 
disappeared from the steel cord to 8 mm, where the weight carriage was obviously 
in motion to identify the peak. After the peak load was located, the remaining  
load-extension data were examined for a stable steady-state region. Most tests 
settled into a steady-state region relatively quickly, and the MATLAB code clipped 
the small transient region and calculated the average dynamic load over an 
extension of 15–25 mm to the end of the data set (about 100 mm). Sometimes it 
was difficult to identify a steady-state region, meaning the load-extension data kept 
drifting up, down, or became variable after static peak. This was most likely due to 
varying surface asperities, material inconsistencies, accumulated damage, or a 
combination of all. In these instances, the load was simply averaged starting at an 
extension of approximately 30–50 mm to the end of the data set (usually 100 mm). 
The coefficients were calculated as in Eq. 2 and Eq. 3 where the dynamic equation 
uses the averaged dynamic load. 

2.7 Surface Characterization 

Virgin and tested UHMWPE composite material surfaces were examined with the 
help of a 3-D confocal laser microscope (Keyence VK-X200 series15). Microscopy 
was performed on virgin, untested samples of both UHMWPE composite materials 
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to establish the presence of a resin or adhesive on the surface, visualize the surface 
topology (establish unidirectional reinforcement direction), and understand the 
extent of material inconsistencies present. The same technique was then used to 
quantify the accumulated damaged on tested sample strips, especially the more 
heavily damaged resin or adhesive-free surfaces. Microscopy was not performed 
on every sample tested; only on samples that already appeared damaged from visual 
inspection. 

3. Results and Discussion 

3.1 Load-Extension Data 

Figure 10 (a–d) contains representative load-extension data presented as two sets 
of corresponding material orientation cases for both UHMWPE materials. It is 
suspected that these orientation pairs would yield similar friction properties since 
the only thing different is which surface has the coating or resin. However, the  
load-extension data demonstrated the additional importance of the individual 
material orientations, especially when uncoated, and illustrated some issues 
involved in the friction testing (and ultimately why so many variations were 
conducted to fully evaluate the friction response of the material). 

Load-extension data for Tensylon 30A is represented in Fig. 10a and 10b for the  
45°-bottom on 45°-top case. All tests were terminated early at about 60 mm (versus 
100 mm for other tests) due to the weight carriage immediately veering in the 
direction of the short strip orientation of 45° and ending up on the edge of the long 
strip and partially onto the aluminum platform (see Figs. 4 and 5). This veering 
motion to one side was most pronounced when the long strip was also a 45° and 
occurred to some extent for both UHMWPE composite materials (but especially 
distinct for the Tensylon 30A). This veering was mitigated for the 0°- and 90°-top 
(long or platform) strips but still evident and was even observed for a short  
45°-bottom strips of UHMWPE material on the tooling material Stretchlon 800. 

Another key finding for the two Tensylon 30A plots from Fig. 10a and 10b is that 
at lower pressures (15 and 18 kPa) the replicate data are consistent (with similar 
static peaks and uniform dynamic loads), but at higher pressures (>22 kPa) more 
variation (noisy dynamic loads) is observed, which causes crossing of dynamic 
friction responses with different pressures. In the lower chart for the Tensylon 30A, 
a sudden jump in the dynamic loading is labeled with an arrow; this is due to a 
material inconsistency such as a gap or overlap of the SSE-film. Overall, the two 
friction tests for Tensylon 30A illustrated in Fig. 10a and 10b had a similar static 
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peak response (note the load range of 10–36 N is the same for both) and roughly 
equivalent dynamic response.  

The Dyneema HB 210 is represented in Fig. 10c and 10d for the 0°-bottom on  
90°-top case (Fig. 10c) and the corresponding 90°-bottom on 0°-top case (Fig. 10d). 
For the HB 210, the load-extension responses are significantly different. The  
0°-bottom on 90°-top case (Fig. 10c) has a lower static peak range (8–22 N) and an 
increasing dynamic transition (due to the formation of accumulated damage on the 
surface). The corresponding orientation, 90°-bottom on 0°-top (Fig. 10d), displays 
a high static peak range (20–46 N) and a decreasing dynamic transition. The 
explanation for the disparity in the static responses is in the material orientations 
(0° vs. 90°) of the fibers and the resin-poor surface on the bottom strip. A simplified 
schematic of the surface topologies with respect to the orientation of the 
unidirectional reinforcing phases is presented in Fig. 11. For the short 0°-bottom 
strips, the fiber/fiber bundle axes are aligned with the motion and do not resist the 
initial sliding motion as they start to translate. For the short 90°-bottom strips, their 
fiber bundle axes are perpendicular to the motion, which causes both translation 
and axial rotation of the fibers (Fig. 11) and a higher resistance to sliding motion. 
Note that the dynamic response (once motion initiates and continues) of both cases 
settles to similar values for the pressures tested (11–25 kPa), indicating that the key 
distinction is in a significantly different static friction response due to the 
orientation angles and resin-poor character of the surfaces. 
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Fig. 10  Unique and representative load-extension plots for corresponding material 
orientation cases. Tensylon 30A is represented by (a) and (b) and Dyneema HB 210 by (c) and 
(d). The material orientation case is stated within the plot. 
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Fig. 11 A simplified representation of a UHMWPE surface sublayer detailing the 
orientations of the unidirectional reinforcement. U is the sliding velocity, f is the frictional 
force, and θ is the top surface sublayer orientation (the base is held at 0° aligning with the 
direction of the sliding motion).  

3.2 Fabric–Fabric Friction 

The friction test matrix summarized in Tables 3 and 4 generated coefficients of 
friction data that were plotted versus pressure for each material orientation case. 
The plots of static and dynamic coefficients of friction versus pressure for fabric–
fabric interply friction are presented in Fig. 12 for Tensylon 30A and Fig. 13 for 
Dyneema HB 210. At least one replicate test (sometimes three) was performed for 
each pressure and material orientation case and are represented in the figures by 
vertical error bars on each data point that represent the average coefficient for 
identical tests. To more fully visualize any possible trends in the relationship 
between material orientation and surface friction, the static and dynamic 
coefficients of friction were plotted for the long (top or platform) strip versus the 
short (bottom carriage) strip orientation in Fig. 14 for P = 18.2 kPa and Fig. 15 for 
P = 25.4 kPa. 
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Fig. 12 Static and dynamic coefficients of friction vs. normal contact pressure for Tensylon 
30A 

 

Fig. 13 Static and dynamic coefficients of friction vs. normal contact pressure for Dyneema 
HB 210 
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Fig. 14 Static and dynamic coefficients of friction categorized with respect to material 
orientations of the carriage strip vs. platform strip at a contact pressure of 18.2 kPa. The 
columns of the horizontal axis represent the UHMWPE composite materials and the rows the 
material orientation of the platform strip. Each inner bar chart gives the coefficient of friction 
for the carriage strip orientation vs. a single platform orientation. 
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Fig. 15 Static and dynamic coefficients of friction categorized with respect to material 
orientations of the carriage strip vs. platform strip at a contact pressure of 25.4 kPa. The 
columns of the horizontal axis represent the UHMWPE composite materials and the rows the 
material orientation of the platform strip. Each inner bar chart gives the coefficient of friction 
for the carriage strip orientation vs. a single platform orientation. 

The coefficients of friction versus pressure for Tensylon 30A are given Fig. 12. The 
main conclusion for the static and dynamic coefficients is that they do not depend 
on contact pressure for pressures under 30 kPa. There are a few standout tests that 
have lower friction coefficients and seem to increase with pressure (the off-axis 
cases involving a short 45°-bottom uncoated strip on a 45° or 90° long strip). Most 
material orientation cases have a static coefficient range of 0.4–0.6 and a dynamic 
coefficient range of 0.4–0.55. Every interply friction case involves one surface with 
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a coating (by design), so the effect of the coating is already accounted for in the 
results. Therefore, given the low experimental error measured, the coefficient value 
range of 0.4–0.6 must be due to differences in material orientation. Detailing these 
differences, however, may not be desired (or worth the effort) since a friction 
coefficient range of 0.4–0.6 may be an acceptable range of values to input to a 
preforming model for prediction (more on this later with the discussion of Figs. 14 
and 15). 

The coefficients of friction versus pressure for Dyneema HB 210 are given in 
Fig. 13. The static coefficients of friction display no dependence on pressure. The 
dynamic coefficients, however, seem to increase with pressure until the highest 
pressure (25 kPa) where they drop off slightly. The static friction response has a 
larger spread of values from 0.2 to 0.62, whereas the dynamic friction response has 
a smaller spread from 0.2 to 0.42. The wide spread of values in the static coefficient 
of friction indicates that the UHMWPE fiber system is more dependent on material 
orientation than the SSE-film system (Tensylon 30A). This hypothesis was 
presented in discussions of the load-extension response of Fig. 10c and 10d and 
supported here. The static friction response can be divided into three regions 
depending on the orientation of the resin-poor surface. The 90°-resin-poor surfaces 
have the highest static friction coefficients of 0.45–0.62, the 45°-resin-poor 
surfaces are midrange at 0.3–0.42, and the 0°-resin-poor surfaces have the lowest 
static friction coefficient range of 0.2–0.4 (similar to Tensylon 30A). 

The dynamic friction response displays more experimental error overall and it is 
unknown why the highest pressure level friction coefficients decrease. The HB 210 
was tested up to 25 kPa to avoid influence of unwanted in-plane warpage on the 
friction response (a 45° case at 33 kPa was tested on this material and discarded). 
The data might suggest that the 25-kPa pressure is still too high for the HB 210 to 
obtain a pure measure of the Coulomb friction. 

The effect of the material orientations on the friction properties for the two test 
strips has been detailed in Figs. 14 and 15. Figures 12 and 13 present the friction 
response versus pressure. To better isolate the effect of material orientation, the 
friction coefficients were plotted per orientation case at a midlevel pressure and the 
highest tested pressure. Figure 14 gives the coefficients of friction for both 
UHMWPE materials at a pressure of 18.2 kPa and Fig. 15 at 25.4 kPa. The figures 
are organized as two columns corresponding to the different materials. The vertical 
axis is organized into three rows each representing one of the three discrete angles 
0°, 45°, and 90° for the long platform strip. The inner horizontal axes within the 
columns represents the discrete angles for the short strip carriage material. There 
are a total of nine cases for each UHMWPE material. 
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The key finding for the Tensylon 30A is that the 45° uncoated short strips exhibit 
the lowest static and dynamic friction coefficients, especially for the case of a  
45°-bottom and 45°-top friction tests (Fig. 14 and 15; second row, first column). It 
was previously mentioned that testing involving a 45° strip veered off the long 
(platform) strip during testing, causing the test to be terminated early. The design 
of the friction tester used in this study does not restrict side-to-side or twisting 
motion of the carriage as it is pulled along the platform (see Figs. 3–5). This 
particular test was repeated numerous times, but the results were consistent. The 
45° uncoated strip will veer or drift in the direction of its unidirectional 
reinforcement during a sliding friction test until it reaches and hugs the edge of the 
long coated strip. The effect is more pronounced if the long, coated strip is also a 
45° (but will also occur on a 0° and 90° long, coated strip) and the contact pressure 
increases (see Fig.12). As depicted in Fig. 11 (middle), as the 45° strip translates 
during a friction test, the uncoated SSE-film develops two components of force to 
resist the motion: one lengthwise in the direction of the reinforcement (45° with 
respect to the sliding velocity) and one crosswise (rotational). The surface of 
Tensylon 30A SSE-film is very resistant to abrasion and in-plane shearing 
(warpage) and accumulates less damage than a typical UHMWPE fiber system 
during such translation. It is possible that due to the combination of the coating and 
the uniform surface topology of the SSE-film, the lengthwise component of force 
has a path of least resistance. This will cause the noticeable veering to one side and 
help explain why this particular motion results in lower static and dynamic 
coefficients of friction for each long (platform) strip orientation given in Figs. 14 
and 15 (column one). 

The static and dynamic coefficients of friction for Dyneema HB 210 exhibit a 
stronger dependence on the material orientations of the two sliding surfaces. This 
is evidenced by the spread in values for the coefficients indicated in Fig. 13. Both 
Figs. 14 and 15 (second column) reveal more about what is happening at the 
interface of the sliding surfaces. For the Dyneema HB 210, the long (platform) strip 
represented by the horizontal axis is the resin-poor one. The 90° long strip has much 
higher static coefficients than dynamic coefficients (Figs. 14 and 15, top row, 
second column). This trend is also observed for the 45° long strip (though not for 
the 90°-bottom on 45°-top). The 0° long strip tests exhibit a reversal in this trend 
giving low static coefficients and much higher dynamic coefficients (though not for 
the 0°-bottom on 0°-top test). 

The higher static coefficient of friction for the off-axis 45°- and 90°-resin-poor 
orientations may be explained with the use of Fig. 11. During sliding motion, the 
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90° fibers are perpendicular to the direction of sliding and develop forces that 
develop a rotational force within the individual fibers/fiber bundles (Fig. 11, bottom 
schematic). This tendency to want to rotate the fibers develops higher forces to 
resist the motion and yields the highest static peaks (observed in Figs. 14 and 15, 
first row, second column). The 45° orientation (Figs. 14 and 15, second row, second 
column), whose fibers are partially in the direction of sliding, develop both 
translational and rotational forces (Fig. 11, middle schematic) to resist the sliding 
motion. The net effect for the 45° orientation is slightly lower static friction and 
similar dynamic friction especially for the 45°-bottom and 45°-top case. 

Interestingly, the coefficients of static and dynamic friction for the 90°-resin-poor 
cases slightly decrease with the highest pressure of 25.4 kPa (Fig. 15; top row, 
second column). This was noted previously and in the discussion of Fig. 13. It was 
suspected that the surface of the HB 210 was accumulating damage and obscuring 
the evaluation of a purely Coulomb friction response. Figure 16 provides a 
schematic detailing that surface asperities in the fiber bundles tend to flatten out 
with increasing contact pressure. The net effect reduces the surface friction through 
creating a flattened more uniform interface for the surfaces to slide with respect to 
each other. Alternatively, accumulated damage may develop a boundary layer of 
loose peeling and piling fibers on which the surfaces slide (there is some support 
for this from posttest surface microscopy). Note that the 90°-bottom on 90°-top test 
for 25.4 kPa was excluded from Fig. 15 due to excessive tearing of the top sublayer 
producing erratic load-extension data and spurious friction coefficients. 

 

Fig. 16 Changes to the surface of a fiber system under increasing normal contact pressure 

For the 0°-resin-poor surface represented in Figs. 14 and 15 (first row, second 
column), some of the off-axis (45° and 90°) tests have a low static friction and 
higher dynamic friction coefficient. This observation is more prevalent at the lower 
pressure of 18.2 kPa (Fig. 14) with only the 90° test displaying this characteristic 
at 25.4 kPa (Fig. 15). This interesting result obtained for the HB 210 was presented 
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in Fig. 10c and 10d for the 0°-bottom on 90°-top case and the corresponding  
90°-bottom on 0°-top case. The dynamic response of the 45° and 90° strips 
increases after initiation of motion, likely due to the accumulation of damage in the 
off-axis strips, which were found to build up upraised fibers, peeling, and piling 
increasing the sliding resistance. Why this effect is observed in the 45°-bottom on 
0°-top case at 18.2 kPa and not in the 25.4 kPa test is not known. Again, Fig. 15 
shows the values of the static and dynamic friction decreasing slightly between the 
midlevel pressure 18.2 kPa and the highest tested pressure 25.4 kPa. 

3.3 Fabric–Tooling Friction 

The static and dynamic friction coefficients for Tensyslon 30A on Stretchlon 800 
bagging film are given in Fig. 17. The Stretchlon 800 bagging film is an isotropic 
thin polymer film that is smooth to the touch and not expected to exhibit high 
friction in sliding. Both static and dynamic coefficients are either weakly dependent 
on pressure or independent. Most notable is the difference between coated and 
uncoated surface friction on the bagging film. The uncoated surface, regardless of 
material orientation, has a low static and dynamic friction response—perhaps even 
negligible. This is a strong indication that the presence of a coating (resin or 
adhesive) constituted a larger portion of the friction response for Tensylon 30A. 

 

Fig. 17 Static and dynamic coefficients of friction vs. normal contact pressure for Tensylon 
30A on Stretchlon 800 bagging film 
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The coated surfaces tested on bagging film for the Tensylon 30A display a 
significant difference when it comes to material orientation. The 0° orientation 
(long strip, coated) has the lowest frictional response at 0.2–0.3 for both static and 
dynamic coefficients. The 90° orientation is in the middle and shows the strongest 
linear dependence on pressure; the static coefficient has a wider range from 0.3 to 
0.5, but the dynamic coefficient has a tighter range from 0.4 to 0.5. The 45° 
orientation has the highest friction on bagging film with a static coefficient of 
approximately 0.6 and a dynamic coefficient in the range of 0.5–0.6. The  
fabric–fabric interply friction results for Tensylon 30A discussed in Figs. 12, 14, 
and 15 do indicate a mild dependence on material orientation, but this result for the 
fabric–tooling friction was unexpected.  

The static and dynamic friction coefficients for Dyneema HB 210 on Stretchlon 
800 bagging film are given in Fig. 18. The Dyneema HB 210 shows no dependence 
on contact pressure over the pressures tested. As with the Tensylon 30A, the resin-
poor surfaces tested on bagging film have a lower friction response with the 
interesting exception in the 0°-resin-poor long (platform) surface, which 
experiences an increase in dynamic friction at higher pressures. The resin-rich 
surfaces have higher friction response, with static coefficients ranging from 0.4 to 
0.6 and dynamic coefficients ranging from 0.25 to 0.4. Unlike the Tensylon 30A, 
the HB 210 exhibits no clear separation of friction coefficients with respect to 
material orientation. The different data sets associated with the individual material 
orientations overlap and cross with no discernable trend. Therefore, an acceptable 
range of the coefficient of static friction is given in Fig. 18 as 0.4–0.6 and for the 
coefficient of dynamic friction as 0.25–0.4 regardless of material orientation. It is 
not clear why the bagging film on 0°-top case experienced an uncharacteristic jump 
in dynamic friction for pressures greater than 14.2 kPa. 
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Fig. 18 Static and dynamic coefficients of friction vs. normal contact pressure for Dyneema 
HB 210 on Stretchlon 800 bagging film 

3.4 Surface Characterization: Visual Inspection and Microscopy 

Visual inspection and surface microscopy methods were employed to evaluate the 
pretest and posttest condition of the UHMWPE composite material surfaces.  
Figure 19 displays four images of the top and bottom surfaces of virgin, untested 
samples of each of the UHMWPE materials. For the Tensylon 30A, the coating on 
the top surface (coincident with the stamp side) consist of patches of coating and 
bare SSE film (Fig. 19, first column). The SSE-film had a smooth uniform surface 
even with the adhesive coating applied. The Dyneema 210 fiber system had a 
textured surface of unidirectional fibers and fiber bundles on the resin-poor (stamp) 
side and PUR matrix filling in most of the textures on the resin-rich side (Fig. 19, 
second column). 
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Fig. 19 Microscopy of virgin, untested strips of UHMWPE composite materials used in this 
friction study. The top row is the top surface or stamp side of each material, and the bottom 
row is the bottom surface. The columns are represented by the two UHMWPE composite 
materials. The dimensional scale is provided in each of the four inset images. 

After testing, strips were visually inspected for damage. Most of the damage 
occurred during friction testing on the uncoated or resin-poor sides of strips at  
off-axis material orientations (45° and 90°) and at higher contact pressures.  
Figure 20 shows images of strips that show representative damage frequently 
observed in friction tests on Tensylon 30A and Dyneema HB 210. Three carriage 
strips for material orientation 45° are pictured in Fig. 20 (first column) for the 
Tensylon 30A at 22 and 25 kPa. The uncoated Tensylon 30A material experienced 
surface abrasion during sliding, which caused threads and ribbons to peel off and 
form a piling. This piling would sometimes coalesce into knots of fabric that dug 
grooves into the surface of the top long (platform) strip. 

The sample strips for a single 45°-bottom on 90°-top friction test for Dyneema HB 
210 are presented in Fig. 20 (second column) at the highest contact pressure of 
25 kPa. The most common types of damage were tearing of whole tows of top 
surface fibers (exposing the underneath sublayers) represented as a localized snag 
of material. Also, uplifted fibers/fiber bundles would peel off the surface and form 
pilings or knots of material. Note that with the fiber-system fabric, tears were as 
likely to occur on the resin-rich bottom (short) strip as on the resin-poor top (long) 
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strip due to many factors including the textured surface and the susceptibility of the 
unidirectional fibers to in-plane shearing. 

 
Fig. 20 Images of representative damage incurred in off-axis sample strips of Tensylon 30A 
(left) and Dyneema HB 210 (right) due to sliding friction 

Once visual inspection identified the most damaged surfaces, microscopy was 
performed to quantify the surface wear and damage. Figure 21a–d shows raw 
images taken with the 3-D confocal laser microscope paired with a height map 
analysis (performed using Keyence software, VK Analyzer15) of the same image 
for both the Tensylon 30A and Dyneema HB 210. The Tensylon 30A surface is an 
uncoated 90° strip tested at a pressure of 25 kPa. The image taken in Fig. 21a 
reveals a number of upraised fiber ribbons and threads that were sheared off the 
surface and formed a piling on top. The height map analysis (Fig. 21b) reveals the 
deep groove left after a ribbon of material sheared off. It is not clear whether the 
groove left extends to the underneath SSE-film layer (on the reverse side). The 
upraised “ridges” are simply threads of material laying over the surface to a height 
of approximately 115 μm. As is expected in a 90° material orientation, the damage 
occurs perpendicular to the sliding motion. The Dyneema HB 210 surface in  
Fig. 21c is a much damaged 45°-resin-poor strip tested at a pressure of 25 kPa. The 
image clearly shows that the 45° surface has experienced warpage that has torn 
apart the top surface to reveal the inner fiber sublayers (at perpendicular directions). 
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The surface height map analysis (Fig. 21d) demonstrates that the damaged, mangled 
surface consists of ridges and valleys at a depth of approximately 230 µm. The 45° 
material orientation was the most prone of the Tensylon 30A and HB 210 to exhibit 
damage. 

 
Fig. 21 Microscopy of damaged sample strips of Tensylon 30A (left) and Dyneema HB 210 
(right) 

3.5 Sliding Velocity Study 

Each UHMWPE composite material was friction tested at a fixed contact pressure 
over a range of sliding velocities to determine if the friction properties were 
dependent on sliding velocity. A common material orientation case was chosen  
(0°-bottom on 90°-top) and the contact pressure was selected as 18.2 kPa, a 
midlevel pressure for this study. Figure 22 gives the static and dynamic coefficients 
of friction versus sliding velocity of Tensylon 30A and Fig. 23 that of Dyneema  
HB 210.  

The Tensylon 30A data appear to suggest a dependence at sliding velocities over 
3 mm/s; however, there is much experimental error in the data. Given that the upper 
velocity data point has no replicate, an argument may be made that the static 
coefficient is not dependent on the velocity with a value of 0.28. There is, though, 
a stronger indication that the dynamic coefficient for the Tensylon 30A may be 
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dependent at velocities greater than 4 mm/s as demonstrated by the decreasing trend 
of Fig. 22. Given the experimental error in the data, replicating tests at velocities 
above 3 mm/s and exceeding the current max velocity of 6 mm/s is recommended 
before drawing any solid conclusions. The Dyneema HB 210 (Fig. 23) is 
conclusively independent of sliding velocity with a constant static coefficient of 0.6 
and a dynamic coefficient of 0.32. 

 

Fig. 22 Effect of sliding velocity on the friction coefficients of Tensylon 30A 
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Fig. 23 Effect of sliding velocity on the friction coefficients of Dyneema HB 210 

4. Conclusions 

A survey of friction properties was conducted on UHMWPE composite materials 
with respect to contact pressure, material orientation of the unidirectional 
reinforcement, and sliding velocity. Two UHMWPE materials were selected for 
this study: Tensylon 30A and Dyneema HB 210. One tooling material (Stretchlon 
800) was also evaluated for its friction properties on the UHMWPE material 
composites. Fabric–fabric interply and fabric–tooling friction testing was 
conducted to determine the static and coefficient of friction and identify any trends 
and unique observations per material. 

A summary of key conclusions is presented in Fig. 24. Other important 
observations include the unexpected veering to one side of the tests involving the 
45° material orientation. This veering off the platform was most pronounced by the 
Tensylon 30A but observed by the HB 210 as well. Understanding why this is 
happening, including the physics producing this effect, will be important to any 
model attempting to predict final material ply orientations during the intermediate 
preforming step and final part consolidation. Another important observation 
involves the effort to determine the effect of a UHMWPE composite material’s 
orientation on friction properties. When constructing a large test matrix to account 
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for many combinations of ply orientation, contact pressure, and sliding velocity, it 
is hoped that a clear trend will emerge once the data are plotted. Dependence on the 
contact pressure and sliding velocity, for the most part, was not observed when 
analyzing the friction data. A complicated and non-negligible dependence, however 
weak, was observed for material orientation, but was difficult to conclusively 
quantify given all the cases tested for. Another very important conclusion to this 
study is that the presence of a coating or resin constitutes a significant portion of 
the frictional response of these UHMWPE composite materials. This was clearly 
deduced from the fabric–tooling friction testing, where the friction properties of 
uncoated or resin-poor surfaces are all much lower (possibly an order of magnitude) 
than for the coated or resin-rich surfaces. 

 

Fig. 24 Brief summary of main conclusions and observations from this friction 
characterization of selected UHMWPE composite materials 

Future work will require testing at higher pressures, higher velocities, and, 
especially, higher temperatures. New UHMWPE materials will be received by the 
US Army Research Laboratory and characterized. Higher temperature 
characterization in the range of the softening temperature of polyethylene may 
necessitate a more sophisticated friction tester design based on that of our academic 
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partners at UML. New analysis techniques (beyond Coulomb friction) for the 
friction coefficient calculation will also be explored for testing at higher pressures 
and temperatures which may involve hydrodynamic friction and necessitate the use 
of the Stribeck theory.  
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List of Symbols, Abbreviations, and Acronyms 

3-D 3-dimensional 

ASTM American Society for Testing and Materials  

DSM Koninklijke DSM NV 

NSRDEC US Army Soldier Research, Development and Engineering Center 

PUR polyurethane resin 

SSE solid-state extruded 

UHMWPE ultra-high-molecular-weight polyethylene 

UML University of Massachusetts at Lowell 
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